Two-dimensional array of diffusive SNS junctions with high-transparent interfaces 
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We report the first comparative study of the properties of two-dimensional arrays and single super- 
conducting film-normal wire-superconducting film (SNS) junctions. The NS interfaces of our SNS 
junctions are really high transparent, for superconducting and normal metal parts are made from the 
same material (superconducting polycrystalline PtSi film) . We have found that the two-dimensional 
arrays reveal some novel features: (i) the significant narrowing of the zero bias anomaly (ZBA) 
in comparison with single SNS junctions, (ii) the appearance of subharmonic energy gap structure 
(SGS), with up to n — 16 (eV = ±2A/n), with some numbers being lost, (iii) the transition from 
2D logarithmic weak localization behavior to metallic one. 
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Improvements in fabrication technology enable a vari- 
ety of nanoscale mesoscopic hybrid structures to be made 
and phase-coherent transport to be studied. In the past 
few years, the mesoscopic systems, consisting of a nor- 
mal metal (N) or heavily doped semiconductor being in 
contact with a superconductor (S), have been attracting 
an increasing interest mainly because of the richness of 
involved quantum effects jjj. The key mechanism gov- 
erning the carrier transport through the NS contact is 
the Andreev reflection. In this process, an electron-like 
excitation with an energy e smaller than the supercon- 
ducting gap A moving from the normal metal to the NS 
interface is retro-reflected as a hole-like excitation, while 
Cooper pair is transmitted into the superconductor. This 
phenomenon is the basis of the proximity effect, which 
generally implies the influence of a superconductor on 
the properties of a normal metal being in electrical con- 
tact. Nowadays the comprehensive proximity effect is 
considered to be determined by the parameters of the 
normal part of the junction and by the properties of the 
NS interface in common. SNS systems may be classified 
with respect to the the relation between the mean-free 
path and any other characteristic length in the system 
(either diffusive or ballistic regime) and by the trans- 
parency of the NS interfaces. At present, a large variety 
of NS and SNS junctions (most of them are diffusive) 
is fabricated and studied [|| -jl3). The investigations of 
these junctions are primarily focused on the nonlinear 
behavior of current- voltage characteristics which exhibit 
the zero bias anomaly (ZBA), the subharmonic energy 
gap structure (SGS), etc. Although much work has been 
done on single SNS junctions, it is an experimental chal- 
lenge to fabricate and carry out comparative measure- 
ments on multiply connected SNS systems. In this Let- 
ter, we present the results of low-temperature transport 
measurements on two-dimensional arrays of SNS junc- 
tions (2DSNS) and on single SNS junctions and perform 
the comparative analysis of their properties. 

The design of our samples is based on the fabrication 
technique of SNS junctions with perfect NS interfaces 
that was recently proposed and realized by us |l3[. The 



point is the losing superconductivity in the submicron 
constrictions made in the ultrathin polycrystalline PtSi 
superconducting film by means of electron beam lithogra- 
phy and subsequent plasma etching. The reason of that is 
not completely understood. Nevertheless, this processing 
allows us to obtain the SNS junctions, in which the su- 
perconducting and the normal metal parts are made from 
the same material. In that way we escape from unavoid- 
able uncertainty about parameters of the NS interfaces 
resulting from disorder near interface or appearance of 
oxide barrier that is typical for intermetallic junctions. 

The original PtSi film with thickness of 6 nm was 
formed on Si substrate. The film had critical temper- 
ature T c = 0.56 K. The resistance per square was 104 SI. 
The carrier density obtained from Hall measurements 
was 7 • 10 22 cm~ 3 , corresponding to the mean- free path 
I = 1.2 nm and the diffusion constant D = 6 cm 2 /s es- 
timated assuming the simple free-electron model. The 
initial samples used in the experiments were Hall bridges 
with 50 /im in width and 100 /im in length. 

To fabricate 2D array we patterned the square lattice 
of holes covering the whole Hall bridge by means of elec- 
tron lithography and subsequent plasma etching. The 
micrograph of the lattice are shown in Fig. |l|c. The lat- 
tice constant is 2.1 fim and diameter of holes 1.7 /im, 
so the width of the narrowest part is 0.4 /im. Thus we 
obtain the structure which consists of the islands of the 
film, with characteristic dimension being 1.3 /im, con- 
nected by narrow necks. As the constrictions are not su- 
perconducting we have a two-dimensional array of SNS 
junctions (Fig. |l|d). To do a comparative study, single 
SNS junctions were made with the same dimensions of 
constrictions, as shown in Fig. [l]a,b. 

The measurements were carried out with the use of 
a phase sensitive detection technique at a frequency of 
10 Hz that allowed us to measure the differential resis- 
tance (R = dV/dl) as a function of the dc voltage ( V) . 
The ac current was equal to 10 nA. Figure || shows typical 
dependences of dV/dl-V for the structures with a single 
SNS junction. The data exhibit a behavior very similar 



to that reported in the previous work |13|. The differ- 
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ential resistance reveals a minimum at zero bias voltage 
and reaches Rn ~ 530 at Vzba ~ 140 //V (Rn is 
the difference between the resistance of the whole struc- 
ture with constriction and the resistance of the original 
film at T > T c ). As one can see from the uppermost 
curves obtained at the highest temperatures, the zero 
bias anomaly survives even under the condition of fluc- 
tuation superconductivity and has the same voltage scale 
as that at the lowest temperatures. 

In Fig. ^ we present the temperature dependence of 
the resistance for one of the two-dimensional arrays of 
SNS junctions. We have investigated three samples and 
found the similar behavior. At the temperatures higher 
than the superconducting transition temperature (this 
part of the curve is also shown in the lower inset to 
Fig. ||a) we observe the logarithmic behavior of the con- 
ductivity described by G(T) — Goo lnfesTr/ft), where 
Goo = e 2 /(2TT 2 Ti). It indicates the effects of the weak 
localization and interaction in the diffusion channel in 
quasi-two-dimensions. As T c is approached, the increase 
of the resistance slows down and at a temperature slightly 
lower than T c it changes to quick decrease which proceeds 
down to the lowest temperature. The low-temperature 
part of the curve is presented in the top inset to Fig. |^a. 
This behavior can be considered as a transition from a 
2D logarithmic weak localization to a metallic one due to 
the proximity effects. The transition region is depicted in 
Fig. ||b. It should be noted that the resistance of the orig- 
inal PtSi film nearby T c is determined by the large con- 
tribution from the superconducting fluctuations. Here a 
deviation from the logarithmic behavior, originated from 
the superconducting fluctuations, becomes apparent at 
T ~ 0.8 K. As it will be seen from the following re- 
sults, the rapid decrease of the resistance observed at 
T ~ 0.45 K, that is less than T c of the unpatterned film, 
is not due to the superconducting transition in the is- 
lands. The latter occurs at a higher temperature. Thus 
the transition region is determined by an interplay of 
several different contributions: (a) the weak localization, 
(b) the superconducting fluctuations, and (c) the prox- 
imity effects. 

The differential resistance measurements on the two- 
dimensional array of SNS junctions shown in Fig. || rep- 
resent the key data of this Letter. The differential re- 
sistance has a minimum at zero bias voltage and shows 
a maximum at a finite bias voltage of about 10 /xV fol- 
lowed by a rapid decrease and eventually a slow decrease 
at large biases. In comparison with single SNS junctions 
where the zero-bias resistance dip extends to ~ 140 /iV 
for 2DSNS we observe significant narrowing of the ZBA. 
It is less than 10 fiV. At nonzero biases a pronounced 
and fully symmetric structure in the differential resis- 
tance is seen. It is the so-called subharmonic energy gap 
structure (SGS) originated from the multiple Andreev 
reflections. In the general case the positions of these fea- 
tures are determined by the condition eV — ±2A/n, with 



(n = 1,2,3, . . .). As the right panel in Fig. [|b shows, 
the dips corresponding to n = 2,4,5,6,8,10,16 mani- 
fest in our case. The presence of SGS in curves 2 and 
3 indicates clearly that in this temperature region the 
islands are already superconducting. The precise shape 
of the structure which we observe for all 2D arrays of 
SNS junctions varies from sample to sample, with even 
n being commonly more pronounced and some n being 
absent. Summarizing the observations concerning to the 
appearance of SGS in our single and multiply connected 
SNS systems one can say that the structure reveals in 
both systems, with it being richer in 2DSNS. It should 
be noted that from the earlier theory Q| describing the 
subgap current transport in terms of ballistic propaga- 
tion of quasiparticles it follows that there is no chance to 
observe the SGS in the case of the high-transparent NS 
interfaces. The SGS on current-voltage characteristics of 
single diffusive SNS junctions was observed in the works 
[ 10 |l3| and has only just been explained in a recent paper 
[ 15 1 . Following the spirit of Nazarov's circuit theory [fl6|| , 
authors of Ref. jl5| show that unlike the ballistic case in 
long diffusive SNS junctions the SGS survives even for 
perfect NS interfaces. It occurs owing to coherent impu- 
rity scattering of the quasiparticles inside the proximity 
region that formally corresponds to renormalized value 
of the interface resistance. 

The issue to be addressed now is the behavior of the 
differential resistance at zero bias. For all samples under 
study we observe the dip, with the value of Ai?sNs/-R/v 
being more than 10%. It is the so-called excess conduc- 
tance experimentally observed in all single diffusive SNS 
junctions pf-p"3|]. ZBA observed in our single SNS junc- 
tions is likely to be the result of interplay of non-local 
coherent effects, namely (i) the superposition of multiple 
coherent scattering at the NS interfaces in the presence 
of disorder (so-called reflectionless tunneling [P/7| ) and 
(ii) the electron-electron interaction in the normal part. 
The latter is one of the important points of recently devel- 
oped "circuit theory" when applied to diffusive supercon- 
ducting hybrid systems ]lq] . Within this approach, which 
is based on the use of the nonequilibrium Green function 
method, the electron-electron interaction induces weak 
pair potential in the normal metal. It results not only 
in the change of the resistance, but in a non-trivial dis- 
tribution of the electrostatic and chemical potentials in 
the structure as well, that implies non-local resistivity in 
the structure. It is essentially a consequence of coherent 
nature of Andreev reflection. The most striking feature 
is, as the results for 2D array of SNS junctions presented 
in this Letter show, that self-averaging is totally absent 
and coherence of the effects governed by Andreev reflec- 
tion is maintained over the entire sample. Moreover, in 
comparison with single SNS junction the manifestation 
of the effects in 2DSNS systems (particularly the SGS) 
is far more pronounced. The behavior of the ZBA and 
SGS in 2D array of SNS junctions strongly suggests that 
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the development of a novel theoretical approach is needed 
which would self-consistently take into account the dis- 
tribution of the currents, the potentials, and the super- 
conducting order parameter. In this connection a recent 
work |Q should be noted, where the authors have ex- 
tended the theoretical approach to disordered systems 
based on the nonlinear cr-modcl. An advantage of this 
approach is, unlike the others where the superconduct- 
ing order parameter was taken into account just by the 
boundary conditions for the normal region, that it makes 
possible to describe an effect on the superconducting or- 
der parameter of disorder in the normal metal and even 
inside the superconducting region. As a consequence it 
was shown that the size of the superconductor influences 
the proximity effects. In our case this can be a probable 
reason for a drastic decrease of the effective suppression 
voltage for the ZBA when we turn from a single SNS 
system to multiply connected SNS junctions. 

In summary, we have performed the first comparative 
study of two-dimensional array of diffusive SNS junc- 
tions and single SNS junction. Our experiments show 
that coherent phenomena governed by the Andreev re- 
flection are not only maintained over the macroscopic 
scale but manifest novel pronounced effects as well. To 
have clear physical understanding of the phenomena ob- 
served in mesoscopic multiply connected systems further 
theoretical progress is needed. 
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FIG. 1. (a) Scanning electron micrograph of the sample 
with single constriction formed by electron beam lithography 
and subsequent plasma etching of the 6 nm PtSi film grown 
on Si substrate, (b) Schematic view of a junction (not to 
scale) showing the layout of the constriction in the Hall bridge. 

(c) SEM subimage of square lattice of holes made in PtSi film. 

(d) The layout of a two-dimensional array of SNS junctions 
showing the dimensions of the sample. Regions of the normal 
metal constrictions are dark, and the superconducting islands 
are light gray. 
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FIG. 2. Normalized differential resistance (dV/dI)/R,N of 
a single SNS junction as a function of bias voltage at dif- 
ferent temperatures. (All traces except the lowest trace are 
successively shifted upward by 0.05, for clarity.) The subhar- 
monic energy gap structure is smeared and can be seen more 
clearly on the dependence of d 2 V / dI 2 -V . The arrow indicates 
eV — A corresponding to the maximum slope. 



4 



R(Q) 

1600 



1550 



1500 



1450 



1400 



1350 




l — 1 — i — 1 — i — 1 — i — 1 — i — 1 — r 
10 12 14 16 18 20 



Temperature (K) 



R(n) 






1600- 






1580- 


/ 3 




1560- 


7 / 


(b) 




0.4 0.5 0.6 0.7 


8 0.9 1.0 



Temperature (K) 

FIG. 3. (a) Temperature dependence of the resistance per 
square for a two-dimensional array of SNS junctions. The 
top inset represents the low-temperature part of the depen- 
dence. The bottom inset shows the conductance in units of 
Goo = e 2 /(2vr 2 R) vs ln(T) at T > T c . (b) The solid curve rep- 
resents the temperature dependence of the resistance nearby 
T c . The dashed line is the fit to l/R(T) oc ln(T). The num- 
bered triangles are zero-bias resistance extracted from the 
dV/dl-V presented in Fig. 4b (left panel). 
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FIG. 4. (a) Differential resistance of the sample with a 
two-dimensional array of SNS junctions as a function of the 
bias voltage falling at one SNS junction at T = 100 mK show- 
ing a sharp zero-bias resistance dip followed by above-normal 
peak. The differential resistance possesses the subharmonic 
energy gap structure that is seen as symmetrical minima in 
a range of voltages from ~ 30 yN to ~ 300 /J.V. (b) Tem- 
perature evolution of the normalized differential resistance 
(R* — 1600 Q.) vs dc bias voltage divided by the number of 
SNS junctions between the measuring probes. (All traces ex- 
cept the lowest trace are shifted up for clarity.) The left panel 
shows a low-voltage part of the curves. (Note the change of 
height scale in the upper 7 traces.) The traces in the right 
panel are continuations of the ones presented in the left panel 
to higher voltage. The curves are numbered according to the 
temperatures listed at the bottom. 
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